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Executive Summary
This report uses representative project types to estimate the levelized cost of wind energy (LCOE) in the United States for 2011. Published on an annual basis, it relies on both market and modeled data to maintain a current understanding of wind generation cost trends and drivers. It is intended to provide insight into current component-level costs and a basis for understanding variability in the LCOE across the industry. Data and tools developed from this analysis are used to inform wind technology and cost projections, goals, and improvement opportunities.
The primary elements of the 2011 report include:
• Estimated cost of energy for the reference land-based wind project installed in a midwestern or "heartland" site in 2011
• Estimated cost of energy for the reference fixed-bottom U.S. offshore wind project reflecting projects currently in late-stage development on the North Atlantic Coast
• Sensitivity analyses showing the range of effects basic LCOE variables could have on the cost of wind energy for land-based and offshore wind power plants.
For this analysis, the cost of wind energy is expressed as the LCOE. LCOE is a metric used by the U.S. Department of Energy (DOE) and others to evaluate the relative costs of electricgenerating projects and the impact of technology design changes. In simple terms, LCOE is defined as:
LCOE = present value of total costs ($) lifetime energy production (megawatt-hours)
The LCOE equation applied here is a standard methodology (Short et al. 1995 , EPRI 2007 ) that includes four basic inputs: installed capital cost, annual operating expenses (AOE), annual energy production, and the fixed charge rate (a coefficient that captures the cost of financing a wind project and plant operational life). Additional detail on LCOE can be found in the 2010 Cost of Wind Energy Review (Tegen et al. 2012) .
LCOE values reported here are expected to be greater than negotiated contract prices for wind power, as reflected by recent power purchase agreements. This is because recent power purchase agreements incorporate the value of the production tax credit (PTC) and any other Renewable Energy Credit or other applicable revenue streams.
Key Inputs and Results
Throughout the document, the representative land-based and offshore project types are referred to as "reference projects." Tables ES1 and ES2 summarize the four basic LCOE inputs for the reference land-based and fixed-bottom offshore wind projects, with some additional detail around project capital costs and the respective turbine capacity factor associated with the net annual energy production estimate. These are the assumptions used to calculate LCOE for the 2011 reference projects. In each table, the left-hand column shows the data source. "Model" refers to the techno-economic models used, such as the National Renewable Energy Laboratory's (NREL's) wind turbine design cost and scaling model (Fingersh et al. 2006 . "Market" indicates that NREL used current market data, with individual data sources listed in vi sections of this paper related to the specific cost components. "Literature" represents costs that originated from a 2011 publication. Land-based wind project cost estimates were derived primarily from installed project data reported by and supplemented with outputs from NREL's wind turbine design cost and scaling model. Because of the absence of installed or operating offshore wind projects in the United States, the offshore reference project data were estimated from proposed U.S. projects and the existing international offshore wind industry. The assumed wind resource regime for the offshore reference plant is comparable to that of the U.S. North Atlantic Coast. The land-based reference project was assumed to have a moderate wind resource regime and to be located within the "heartland" region of the United States.
vii More detailed breakdowns of installed capital costs (ICC) are shown in Figures ES1 and ES2 . The three major component cost categories and many subcategories are represented in these figures, including: turbine (e.g., wind turbine components), balance of station (e.g., permitting, transport, support structure, and installation), and soft costs (e.g., insurance and construction finance). From these data, it is clear that the breakdown of wind turbine component and installation costs varies greatly between land-based and offshore turbines. For example, the majority of the land-based project cost (68%) is in the turbine itself; whereas the turbine makes up only 32% of the offshore reference project. Tables ES1 and ES2 (and identified by the white line in these figures). Figures ES3 and ES4 also show the observed industry ranges for LCOE inputs. To provide more detail on the fixed charge rate (FCR), the authors divided it into two principal components: discount rate and operational life. Annual energy production (AEP) was converted to capacity factor to assist in conveying the full range of performance reflected by 2011 projects. As shown, the land-based capacity factors from 2011 projects range from 18% to 53% , with an assumed 37% for the 2011 reference project. Clearly, the ranges for land-based and offshore wind LCOE inputs vary significantly (note the different axes in these figures). For example, offshore wind capacity factor ranges from 30% to 55%, with an assumption of 39% for the reference project. More detailed descriptions of the ranges and assumptions shown here are included in the body of the report. Table ES3 . • Final LCOE estimates differ only slightly from those in the 2010 report. For land-based technology, this may be surprising because of continued observed reductions in turbine pricing. However, the discrepancy is a result of the lag time between turbine price changes, power purchase agreement contract negotiations, and project commissioning. Offshore turbine costs have not shown the same cost reductions observed in the land-based segment of the industry, therefore, there is a consistent result between 2010 and 2011 that aligns well with current offshore wind market dynamics.
• Although the reference project LCOE for land-based installations was observed to be $72/MWh, the full range of land-based estimates covers $50-$148/MWh.
• The reference project offshore estimate is $225/MWh, with a full range of $168-$292/MWh. This dramatic range is mostly caused by the large variation in installed capital costs [$4,500-$6,500/kilowatt (kW)] reported by project developers.
• The sensitivity analysis shows that LCOE can vary widely based on changes in any one of several key factors. However, the variable with the most dramatic effect on LCOE is capacity factor. This is the case for both land-based and offshore projects.
Although LCOE calculations in this report do not include policy factors, it should be noted that the outlook for the 2012 and 2013 U.S. wind market is not as optimistic as in 2010 and 2011. In part, this is the result of significant policy uncertainty regarding the PTC throughout 2012. The anticipated expiration of the PTC forced substantial acceleration of wind development; so much that, even with the January 1, 2013, extension of the PTC, demand for new wind projects is expected to be weak. The American Wind Energy Association (2012) reported that three past expirations of the PTC resulted in a drop of 73%−93% for annual land-based wind installations in the year after expiration. Analyst forecasts based on a late 2012 one-year extension of the PTC (similar to what was signed into law in early 2013) suggest an approximate 65% reduction in installations (BNEF 2012a). also observed that low natural gas prices and only modest electricity demand growth are expected to reduce demand for wind power installations in 2013 and coming years, "despite recent improvements in the cost and performance of wind power technology."
This annual report is intended to provide greater insight into component-level costs and their effects on LCOE. This work will also contribute to the existing LCOE literature through basic data gathering and by providing a basis for more in-depth understanding of the future cost of wind developments. Looking ahead, NREL will continue to work with industry experts and national laboratory partners to obtain detailed, empirical, project-specific data and continue to develop advanced systems-oriented modeling capabilities. NREL's ongoing wind analysis efforts include the development of:
• Research that focuses on understanding current and historical operation and maintenance costs, including major component replacement costs
• A model to better represent land-based and offshore nonturbine project costs, such as foundations, electrical cabling, and installation, across a range of turbine and project sizes
• A wind energy systems engineering model to conduct enhanced analysis of the effect of new innovations on turbine cost and performance.
In addition, NREL plans to:
• Estimate the effect on LCOE from anticipated improvements to operations and maintenance in both land-based and offshore wind projects
• Determine the magnitude and impact of wake losses
• Quantify the effect of potential innovations on system LCOE for both land-based and offshore wind technology
• Collect data and examine key issues involved in wind power deployment, such as transmission, radar, wildlife issues, and public acceptance, to better understand their impacts on the cost of wind energy and potentially developable land
• Assess small and midsize wind technology costs. (Short et al. 1995) . 1 Use of LCOE is especially important for technologies, where there is a constant tradeoff between maintaining or reducing capital investment and increasing energy capture, like wind and solar power.
There are four basic inputs into the LCOE equation. The first three-installed capital cost (ICC), annual operating expenses (AOE), and annual energy production (AEP)-enable this equation to capture system-level impacts from design changes (e.g., taller wind turbine towers). The total costs of financing are represented by the fourth basic input-a fixed charge rate (FCR)-that determines the amount of revenue required to pay the carrying charges 2 on an investment while capturing expected plant life.
3 For this analysis, the life of a wind project is assumed to be 20 years. LCOE results are reported in constant 2011 dollars.
This report provides an update to the 2010 Cost of Wind Energy Review (Tegen et al. 2012 ). However, it offers an abbreviated look at the 2011 wind LCOE, turbine costs, financing, and market that will be followed by a more comprehensive review in the next edition. It addresses three specific areas:
• Estimated cost of energy for the reference land-based wind project located in a midwestern or "heartland" site in 2011
Despite addressing a number of assumptions and cost variables, this report does not capture the full spectrum of drivers that affect wind energy costs. For example, it does not consider policy incentives (such as the production tax credit, or PTC), factors from underlying economic conditions (such as an economic recession), the cost of building long-haul interstate transmission, or potential integration costs. These are important variables that can significantly impact wind power costs by adding expenditures, delaying projects, or halting projects altogether. Nevertheless, their exclusion is consistent with past work conducted by the National Renewable Energy Laboratory (NREL) (Tegen et al. 2012 ) and others in this space (BNEF 2012b , Lazard 2008 , as LCOE is not traditionally defined as a measure of all societal costs and benefits associated with power generation resources.
The following equation is used to calculate LCOE: 
Approach
The 2011 Cost of Wind Energy Review applies the same approach as the 2010 report (Tegen et al. 2012) . A number of data sources and models were used in NREL's estimation of the cost of wind energy. For land-based wind technology calculations, the U.S. had over 46,000 megawatts (MW) of capacity installed and operating in 2011. These wind projects provided a large sample of empirical data on plant costs and performance. By contrast, offshore wind technology was not deployed in the United States at the time of this study, and the market data supporting offshore cost of wind energy estimates are limited to international projects and proposed U.S. projects.
In addition to historical market data, models were employed to estimate disaggregated plantlevel cost components. Therefore, detailed data are provided on the individual components that make up capital cost, operating cost, and estimated energy production for the reference projects defined here. Given the market and model data available, the general approach for estimating the levelized cost of wind energy includes:
Evaluating market conditions and data for projects that have been installed in the United
States (or in Europe and Asia when considering offshore wind technology) in a given year, to understand installed project cost, AEP, operating costs, and representative turbine technology. The primary source for these data is the U.S. Department of Energy's (DOE) Annual Wind Technologies Market Report . Accordingly, LCOE estimates reflect market conditions to the extent possible. For example, the installed capital cost for the 2011 land-based reference project equals the average U.S. installed capital cost reported by Wiser and Bolinger for 2011.
2. Supplementing market data for realized projects with modeled data based on a representative or reference project that reflects technology and project parameters for a given year. Principally, NREL's wind turbine design cost and scaling model (Fingersh et al. 2006 ) is used to estimate the capital cost and AEP of a project based on turbine rated capacity, rotor diameter, hub height, and a representative wind resource. This model uses scaling relationships at the component level (e.g., blade, hub, generator, and tower) developed with curve-fit industry data, published scaling models, and turbine models developed through the WindPACT studies (e.g., Malcolm and Hansen 2006) that reflect component-specific and often nonlinear relationships between size and cost (see Appendix C in Tegen et al. 2012) . The use of this model provides additional component-level details for turbines (with user-defined parameters) and plants.
3. Combining the market data and modeled data described above to estimate the primary elements necessary to calculate LCOE (i.e., ICC, AOE, AEP, and FCR) and provide details about wind technology costs and performance that are aligned with market data but reported at higher resolution.
This approach is useful in that the reference project is described with a level of detail that is based on technology specifications, while market conditions are preserved. However, reliance on modeled data for disaggregated component-level and energy production estimates also introduces a degree of uncertainty in some LCOE input variables. Model uncertainty is introduced principally in two areas:
1. Modeled installed capital cost tends to underestimate market data that are influenced by factors not captured by the model (e.g., the value of the U.S. dollar, industry profit margins, foreign labor costs, and changes in warranty terms or servicing agreements that are wrapped into turbine supply agreements).
2. The modeled AEP net estimate relies on an input related to total losses across the reference project. However, production losses are, in reality, site-and technology-dependent, and measurements for individual projects are not available.
To address these two sources of uncertainty, model estimates for installed capital cost and capacity factor are forced to reflect market data by applying a "market adjustment" and generic "losses" terms in the model. These terms apply global adjustment factors (coefficients) to cost and production estimates that account for the myriad of factors that are not explicitly modeled, but that have a significant cumulative effect. Continued efforts to improve the fidelity of NREL's bottom-up models should result in greater confidence associated with individual component estimates and plant-level production; however, it is unlikely that differences between market and modeled data will ever be fully resolved.
The following sections of this report describe each componentICC, AOE, AEP, and FCRof the LCOE equation, market context, and range of data for typical U.S. wind projects in the year 2011. This 2011 Cost of Wind Energy Review first describes the 2011 LCOE components for a land-based reference project using 1.5-megawatt (MW) turbines. Then, it describes the 2011 LCOE components for an offshore wind reference project using 3.6-MW offshore turbines.
Land-Based Wind
The land-based wind reference project is derived from representative characteristics of 2011 wind projects consisting of 133, 1.5-MW turbines (200 MW total installed capacity). Reference project wind turbine and component costs are based on a three-stage planetary/helical gearbox feeding a high-speed asynchronous generator and a standard spread-foot foundation design. Annual operating expenses for this project reflect estimates from 69 projects built since 2000 . The reference project wind regime is generally equivalent to a moderate wind resource site in the midwest or "heartland" region of the United Statesthe region where the greatest number of wind projects were installed in 2011 .
In 2011, the capacity-weighted average "all-in" 5 installed costs were reported to be $2,098/kW, with total AOE reported at $35/kW/yr . Accordingly, these values were ascribed to the land-based reference project. Given these inputs as well as the additional variables considered to reflect the reference project and summarized in Table 1 below, the resulting LCOE is $72/MWh. Model Capacity factor (%) 37
TOTAL LCOE ($/MWh) 72
5 Overnight capital costs represent the cost of building a plant overnight and do not include financing or escalation costs. The "all-in" capital costs do include financing and escalation costs that can vary with risk perception, construction schedules, inflation expectations, and other factors. 6 Soft costs are nonconstruction costs incurred before project commissioning, primarily related to the cost of financing. 7 The market price adjustment is the difference between the modeled cost and the price paid for the typical project in the 2011 market.
Installed Capital Cost for Land-Based Wind
The weighted average installed capital cost (ICC) and operating expenditure data are published annually by DOE in the Wind Technologies Market Report . The analysis conducted here applies the NREL wind turbine design cost and scaling model to estimate component-level costs that were calibrated to the market-based total cost estimates from . This calibration was necessary because recent trends have been influenced by variables that are not captured in the current modeling capabilities (see details in Section 2). Table 2 summarizes the costs for individual components (including their contribution to LCOE) for the reference project, again based on a project that uses a 1.5-MW turbine. Data sources for this table are described in Appendix B. Capital costs for projects installed in 2011 ranged from $1,400/kW to $2,900/kW for utility-scale wind projects , with many factors driving these differences (such as terrain, site access, and regional labor costs). Because of capital cost variability, estimates for each capital cost component were established using the NREL wind turbine design cost and scaling model and a market price adjustment was added to bring the all-in capital cost in line with the industry average. The market price adjustment accounts for fluctuations in component costs, profit margins, foreign exchange rates, supply chain constraints, and other market conditions. This analysis does not attempt to predict which capital cost components are influenced by the market price adjustment, as these impacts can vary from project to project.
Balance of station (BOS) costs were estimated using new scaling relationships and costs from detailed data obtained through a major Engineer, Procure, and Construct firm active in the wind industry. These new relationships provided a basis for understanding the underlying impacts of innovative turbine component designs on the BOS costs as well as the impacts of innovative BOS concepts. This additional cost information enabled a more detailed breakdown of BOS categories. 9 Construction financing was estimated at 3% of hard costs, which is consistent with industry reporting.
Annual Operating Expenses for Land-Based Wind
Annual operating expenses (AOE) typically include land-lease costs (LLC), operation and maintenance (O&M) wages and materials, and levelized replacement costs (LRC). O&M costs are generally expressed in two categories: 1) Fixed O&M, which includes known operations costs (e.g., scheduled maintenance, rent, leasing, taxes, utilities, or insurance payments) and typically does not change depending on how much electricity is generated, and 2) Variable O&M, which includes unplanned maintenance and other costs that may vary throughout the project life depending on how much electricity is generated. For simplicity, AOE can be converted to a single term and expressed as either dollars per kilowatt per year ($/kW/yr) or dollars per megawatt-hour ($/MWh). This analysis uses the $/kW/yr convention.
Annual O&M estimates are calculated from recent estimates of operating costs for projects built since 2000. reported an average O&M value of $28/kW/yr that generally incorporates the costs of wages and materials associated with operating and maintaining a facility, but likely excludes other elements such as insurance, taxes, or depreciation.
10 This analysis interprets the estimates as a pretax value while the LCOE equation treats O&M expenses as tax deductible. Therefore, these estimates are converted to an after-tax value by multiplying the O&M estimate by (1-T), where T is the effective combined (state and federal) tax rate, assumed to be 38.9%.
The AOE values reported here include the average estimated property tax payments from NREL's Jobs and Economic Development Impacts (JEDI) model and the LRC for major turbine components from Cohen et al. (2008) . Property tax costs and LRC bring the total after-tax AOE to $35/kW/yr. It should be noted that, given the scarcity and varying quality of the data, AOE can vary substantially among projects , and the data presented here may not fully represent the challenges that annual operating expenses present to the wind power industry.
Annual Energy Production and Capacity Factor for Land-Based Wind
Annual energy production (AEP) for this analysis is computed using the NREL wind turbine design cost and scaling model. The model computes annual energy capture and other related factors, such as capacity factor, for a wind project that is specified by generic input parameters. Parameters used for the calculation of AEP are presented in Table 3 . The input parameters for calculating AEP can be grouped into three general categories: turbine parameters, wind resource characteristics, and losses. 
Turbine Parameters
Turbine parameters are characteristics that are specific to the turbine and independent of wind characteristics. These parameters consist not only of turbine size (such as rated power, rotor diameter, and hub height), but also of turbine operating characteristics [such as maximum rotor capacity (Cp), maximum tip speed, maximum tip-speed ratio (TSR), and drivetrain design]. Because the geared drivetrain topology dominates the U.S. market, a geared drivetrain was selected for the baseline turbines. For the specific approach used regarding additional turbine parameters (e.g., power curves), see the 2010 Cost of Wind Energy Review.
Wind Resource
The annual average wind speed chosen for the reference project analysis is 7.25 meters per second (m/s) at a 50-m height above ground level (7.75 m/s at hub height). This wind speed is representative of a Class 4 wind resource (7−7.5 m/s) and is intended to be generally indicative of the wind regime for projects installed in moderate quality sites in the "heartland" (Minnesota to Oklahoma). An elevation above sea level of 450 m is used based on the representative "heartland" site. The elevation above sea level coupled with a hub height of 80 m results in an average air density of 1.163 kg/m 3 .
Losses
Although some losses can be affected by turbine design or wind characteristics, losses are treated as independent of any other input in this simplified analysis. Types of losses accounted for in this analysis include array losses, collection and transmission losses (from the substation to the point of interconnection), soiling losses, and availability. Net annual energy production (AEP net ) is calculated by applying all losses to the gross AEP. Table 4 shows the AEP, capacity factors, and losses and availability for the land-based reference turbine operating in 2011. 
Gross capacity factor (%) 45

Losses and availability (%) 17
Net AEP (MWh/MW/yr) 3,263
Net capacity factor (%) 37
Land-Based Wind Finance
Throughout 2011, the financing environment remained relatively steady for land-based wind development. The extension of the Section1603 cash grant program through 2011 allowed for continued flexibility in project developer's incentive election options between the 30% cash payment or tax incentive mechanisms, such as the production tax credit. This flexibility helped to ensure an adequate supply of tax equity investment capital.
The cost of capital for both term debt and tax equity investment in 2011 did not depart significantly from 2010 levels. For example, Tegen et al. (2012) reported that the term debt interest rate ranged from 5.8%−7.0% in 2010, while Mintz Levin reported a similar interest rate spread of 5.75%−7.25% in 2011 (Mintz Levin 2012). On the debt side, Wiser and Bolinger (2010) indicated that 6% interest of all-in debt rates were achievable in 2010 and rates were at or below 6% again in 2011 , although loan lengths appeared to have shortened.
Because of the lack of large fluctuations in the cost and availability of debt and equity capital from 2010 to 2011, the financing assumptions were held constant from the previous land-based wind LCOE analysis. These assumptions will likely be revised in future editions of this report, based on the expiration of the Section1603 cash grant program and macroeconomic issues, such as new banking regulations or continued credit challenges in Europe. Table 5 captures the full array of variables that reflect the land-based reference project as well as the values (for each variable) that underlay the basic LCOE inputs. The all-in capital cost for the project is assumed to be nearly $419 million, or $2,098/kW. A $22.3 million contingency fund is assumed to cover any possible increases in capital costs, and AOE is estimated at $11/MWh, after tax. Operating life is assumed to be 20 years, with a nominal discount rate of 8%. 
Land-Based Wind Reference Project Summary
Land-Based Wind LCOE Calculation
Based on the NREL land-based baseline project inputsICC, AEP, AOE, and FCRand using the LCOE equation, a land-based wind LCOE is computed to reflect the 2011 reference wind plant described above. Table 6 summarizes the costs for the primary components (including their contribution to LCOE). Data sources for this table are located in Appendix B. Figure 2 provides a graphical representation of the land-based reference project LCOE by line item. 
LCOE Sensitivities
The input parameters described above reflect the reference wind project. However, input parameters for a near-term, land-based wind project are subject to considerable uncertainty. As a result, it is beneficial to investigate how this variability may impact LCOE. The sensitivity analysis shown in Figure 3 focuses on the basic LCOE inputs: 1) capital cost, 2) operating cost, 3) capacity factor (a surrogate for AEP), and 4) FCR, although in Figure 3 , FCR is broken into its principal elementsdiscount rate and operational lifetime. Sensitivities to these variables are tested across the ranges of market data reported in previous sections.
Source: NREL
Note: The reference LCOE reflects a representative industry LCOE. Changes in LCOE for a single variable can be understood by moving to the left or right along a specific variable. Values on the X-axis indicate how the LCOE will change as a given variable is altered and all others are assumed constant (i.e., remain reflective of the reference project).
Sensitivity analyses were conducted by holding all reference project assumptions constant and altering only the variable in question. Sensitivity ranges were selected to represent the highs and lows observed in the industry. This selection of ranges provides insight into how real-world ranges influence LCOE. The sensitivity analysis yields ranges in LCOE from a low of $50/MWh to a high of $148/MWh-a low-to-high increase of nearly triple the lower bound. ICC and capacity factor have similar potential with respect to lowering LCOE; however, the capacity factor and discount rate show the highest influence with respect to an increase in LCOE relative to the reference project. Although the ranges provided here for the selected variables are grounded in actual 2011 plant costs and performance data, the high and low LCOE ranges should not be taken as absolute. These variables are generally not independent, and it is unlikely for changes to only occur in a single variable. Moreover, each individual wind project has a unique set of characteristics. Accordingly, the sensitivities shown here are not universal.
Example Cost Reduction Scenarios
For the 2011 reference project installations, two additional scenarios were modeled: 1) decreased installed capital cost, and 2) increased annual average wind speed. Similar to the other sensitivities, this analysis was performed by holding all reference project assumptions constant and changing only one variable at a time.
Decreased Capital Cost
Wiser and Bolinger (2012) (Table 7) .
Increased Annual Average Wind Speed
A number of factors, such as policy influences, siting impacts, and technology changes, have led to the recent trend in siting wind projects in areas of reduced wind resource quality . There is still a surplus of high-quality wind resource project sites that are undeveloped in the United States, and an effort to place more projects in these areas could lower LCOE. Table 7 presents the change in LCOE that is a direct result of switching from a Class 4 wind resource (annual average hub-height wind speed of 7.75 m/s) to a Class 5 wind resource (annual average hub-height wind speed of 8.29 m/s). It is important to note that the decrease in LCOE resulting from the better wind resource may also be achieved with a taller tower or a larger rotor for the same turbine power rating. If these technological advances can be implemented without a concurrent increase in either ICC or AOE (using advanced controls or design innovations), the net effect could be similar. This report provides an update to the 2010 report including trends in capital costs observed outside of the United States as well as recent market conditions. However, as no major differences in offshore costs have been observed for projects under development in the United States, the cost estimates are consistent with those reported in the 2010 report (Tegen et al. 2012 ) ( Table 8 ). Although information on floating offshore wind projects is not included here, it will be covered in future iterations of this report. 
2011 Market Developments
In 2011, 966 MW of offshore wind capacity were installed worldwide (GWEC 2012). To date, offshore wind development has been highly concentrated, with over 93% of cumulative capacity installed in Europe (GWEC 2012). Installations in Asia are starting to accelerate, with two commercial-scale projects installed in China and three demonstration projects installed in South Korea and Japan. Global markets are poised for growth with aggressive goals in both Europe and Asia. However, deployments have been affected by uncertainty in the form and value of incentives (United Kingdom), delays in grid development (Germany), and local and national government concerns (China). In the United States, the following additional hurdles have been observed:
• An uncertain timeline for permitting. The Bureau of Ocean Energy Management took several steps in 2011 to define the process for leasing and permitting projects; however, this new process had not yet been demonstrated at the time of this study.
• Potential inabilities to negotiate power purchase agreements. Given the existing cost structure, offshore wind projects currently require above-market power prices for financial viability. The power purchase agreements (PPA) for offshore wind negotiated to date have been driven by state-level policies and/or regulatory intervention.
• The scheduled expiration of the production tax credit. The PTC, an incentive for renewable energy generation, was scheduled to expire at the end of 2012, but was extended for 1 year. Because of the multiyear development horizon for offshore wind projects, the short-term nature of the PTC (even in its recently extended form) will likely continue to impact the domestic offshore wind industry.
Installed Capital Cost for Fixed-Bottom Offshore Wind
For the 2010 Cost of Wind Energy Review, NREL developed the offshore ICC estimate by conducting several parallel assessments: 1) analysis of global market data, 2) review of published literature, and 3) interviews with active offshore wind developers in the United States. This multipronged approach yielded an average capital cost of $5,120/kW across the industry (for operational and proposed plants worldwide) and resulted in a U.S. reference cost estimate of $5,600/kW (consistent with the ICC reported by the proposed Cape Wind offshore project situated off Cape Cod in Nantucket Sound). The reported range in installed capital costs (again for operational and proposed projects) varied from $2,500/kW to $6,500/kW.
11
To inform the 2011 installed capital cost estimate, researchers updated and re-analyzed the NREL offshore wind project database (NREL 2013) (Figure 4 ). This database currently contains capital cost data for 98% of the total offshore wind capacity that had been fully commissioned by the end of 2011. 12 The database also contains capital cost estimates for 35 projects in Europe, the United States, and Asia that have received all of the necessary approvals from regulatory authorities to proceed with construction. This near-term project pipeline extends through 2016 and totals some 10,373 MW of capacity. The proposed Cape Wind project was the only U.S. project to have achieved regulatory approval by the end of 2011.
11 Offshore wind capital costs may vary widely as a result of water depth, distance from shore, turbine size, and other factors. 12 Capital costs and project data were collected from a variety of sources, including peer-reviewed literature, industry white papers, press releases, developer websites, and industry databases. Many cost estimates were selfreported figures from project developers and could not be independently verified. When there were multiple cost estimates for a given project, costs were averaged: 1 EUR = 1.392 USD; 1 GBP = 1.604 USD; 1 DKK = 0.187 USD; 1 SEK = .157 USD; 1 NOK = 0.165; and CNY = 0.155 USD (x-rates.com 2011). Globally, projects commissioned in 2011 had a capacity-weighted average capital cost of $4,839/kW, almost $700/kW higher than the average cost of a project installed in 2010. However, capital costs for the sample of planned projects that received regulatory approval through 2016 averaged $5,335/kW. This is within 4% of the industry average of $5,120/kW stated in the 2010 Cost of Wind Energy Review, and suggests that the cost environment remained relatively consistent between 2010 and 2011. Moreover, the European 400-MW "BARD Offshore I" project (represented by the uppermost blue circle in Figure 4) , with a reported capital cost of $9,630/kW, is a clear outlier on this chart and is likely not representative. 13 The project has reported cost overruns of $1.4 billion from the initial budget, or about 57%. This overrun amounts to additional costs of more than $3,300/kW. If the BARD Offshore I project is left out of the dataset, the capacity-weighted average capital cost falls to $5,178/kW, or within 1% of the industry average reported in the 2010 Cost of Wind Energy Review.
Another interesting observation is that the planned Asian offshore wind projects are well below the range of costs expected for planned projects in either Europe or the United States. Although these lower cost estimates might partially be explained by lower costs for items like labor and manufacturing, others suggest that the developers of these projects may have been too optimistic in estimating capital costs (Patton 2012) . As a result, these costs are unlikely to represent true future offshore wind projects in the United States.
14 Based on the above data, capital cost estimates for global offshore wind projects have remained largely constant. Moreover, activity in the domestic wind market was relatively limited in 2011. The 468-MW Cape Wind project remains the most advanced offshore wind project in the United States and the only project to have obtained regulatory approval. Because the forward-looking global and domestic capital cost environment does not appear to have shifted, the reference project installed capital cost of $5,600/kW is maintained with the range of estimates for commercial-scale projects 15 that received regulatory approval, excluding noted outliers, extending from approximately $4,500/kW to $6,500/kW. Figure 5 shows the percentage contribution of each component to total capital cost for the reference offshore wind project. Percentage estimates are based on the NREL wind turbine design cost and scaling model (Fingersh et al. 2006 ; several recent publications (Douglas-Westwood 2010, BVG Associates 2011, Deloitte 2011); and conversations with U.S. offshore wind project developers. In Figure 1 , the segment in green represents the turbine cost, shades of blue represent balance-of-station costs, and shades of purple represent soft costs.
The percentage estimates in Figure 5 were applied to the all-in capital cost estimate of $5,600/kW to generate individual component costs in dollars per kilowatt for the 2011 reference project. This dollar-value component cost breakdown is shown in Table 9 . As stated, there is a notable difference between the cost components that make up the land-based and offshore projects. In the land-based project, 68% of the cost is related to the turbine; whereas, with the offshore project, the turbine makes up only 32% of the ICC. 
Annual Operating Expenses for Offshore Wind
There has been no indication that expected annual operating expenses for offshore wind projects have shifted between 2010 and 2011. The AOE baseline for 2011 is assumed to be $31/MWh, equivalent to $107/kW/yr, with a range extending from $9/MWh to $55/MWh, based on data reported by Tegen et al. (2012) . reported that installed European offshore wind projects typically achieve capacity factors between 35% and 45%. Rødsand II, a Danish project installed in 2010, reported a capacity factor of 55% in its first year of operation. U.S. developers have announced capacity factor expectations for nine project sites currently under development. Data collected by NREL suggests that net capacity factors at these projects range from 32% to 42%, with an average of 38% (NREL 2013).
Offshore Annual Energy Production and Capacity Factor
Because net AEP and the corresponding net capacity factor will vary with the wind resource and project design, we assume specific site characteristics that are common to the North Atlantic Coast for the reference offshore wind project. AEP for this analysis is calculated using the NREL wind turbine design cost and scaling model and a Class 6 wind resource. Table 10 shows the assumptions used to calculate the net AEP for the reference project. 
Turbine Parameters
Turbine rated power (MW) 3.6
Turbine rotor diameter (m) 107
Turbine hub height (m) 90
Maximum rotor tip speed (m/s) 90
Tip-speed ratio at coefficient of performance (C p ) 8
Drivetrain design Geared
Rotor peak Cp 0.47
Wind Resource Characteristics
Annual average wind speed at 50 m (m/s) 8.4
Weibull K 2.1 Shear exponent 0.1
Losses
Losses (array, energy conversion, line) 15% Availability 96%
We, the NREL authors, also assume that offshore wind projects will experience losses from array impacts, availability, and inefficiencies in power collection and transmission. Assuming 18% total losses, AEP net is estimated for offshore wind projects using commercially available technology and the NREL wind turbine design cost and scaling model. Table 11 shows the impact of losses on AEP and capacity factor. Gross capacity factor (%) 48
Losses and availability (%) 18
Net AEP (MWh/MW/yr) 3,406
Net capacity factor (%) 39
These data show that the 2011 baseline project will deliver 3,406 MWh per megawatt of installed capacity annually, which is equivalent to a net capacity factor of 39%. The range of AEP estimates around this baseline extends from 2,600 to 4,820 MWh/MW/year, which corresponds to the range of capacity factors (30%-55%) observed in Europe and for planned projects in the United States.
Financial Parameters for Offshore Wind
There has been no indication that financial parameters for domestic offshore wind projects have changed between 2010 and 2011. The reference project discount rate for 2011 is assumed to be 10.5%, with a range extending from 8% to 15%, based on data reported by Tegen et al. (2012) .
Offshore Wind Reference Project Summary
The databases and analysis described above informed the creation of the reference project shown in Table 12 . The 2011 reference project is defined with 139 turbines on monopile foundations and an average water depth of 15 m. Reference project costs are based on estimates for a site situated 20 km from shore. In addition, turbines rated at 3.6 MW, with a 107-m rotor diameter and a 90-m hub height are assumed. The average wind speed at the project site is assumed to be 8.4 m/s at 50 meters and 8.9 m/s at the 90-m hub height (Class 6 wind regime). 16 In the reference project layout, the turbines are spaced at 8 rotor diameters apart and connected to the substation using a simple radial 33-kilovolt (kV) collection system design.
The installed capital cost of the project is assumed to be $2.8 billion, or about $5,600/kW, including a contingency estimated at 10% of hard costs. After tax, annual operating expenses are equivalent to $31/MWh, or $385,000 per turbine per year.
The weighted average cost of capital (WACC), or discount rate, used to finance the project is estimated to be 10.5% nominal (equivalent to 8.1% real). Although this discount rate could represent a number of different financial structures, the specific structures are not examined in this analysis. The reference project is assumed to have an operating life of 20 years from the date of commissioning. The fixed charge rate under these assumptions is 11.8%. Estimates of the percentage contribution of individual project components to total capital costs are developed for each component based on the aforementioned publications and conversations. These estimates are applied to the total capital cost estimate to generate individual component costs. NREL plans to continue to collect market data and develop bottom-up cost models in 2013. These data and models will enable the development of an improved understanding of scaling relationships and opportunities for technology improvement, and to reflect current market data in 2013. 
LEVELIZED COST OF ENERGY ($/MWh) 225
The 2011 NREL reference offshore wind project has an LCOE of $225/MWh. Figure 6 shows the cost breakdown for the project. It is unchanged from the reference project described in Tegen et al. (2012) . 
Offshore Wind LCOE Sensitivities
Although the input parameters used for the LCOE calculation in the reference project represent reasonable estimates for the costs and operational parameters of a near-term offshore wind project, as was the case for land-based projects, these inputs are subject to considerable uncertainty. The sensitivity analysis shown in Figure 7 focuses on the basic LCOE inputs: 1) capital cost, 2) operating cost, 3) capacity factor (a surrogate for AEP), and 4) FCR, although in Figure 7 , discount rate and operational lifetime represent FCR. Sensitivities were tested using the observed ranges described above and by holding all other variables constant. In Figure 7 , the reference estimate for each parameter is represented by the white line within each bar, and specific high and low values are shown within each colored bar. During the analysis, sensitivity ranges are selected to represent the highs and lows seen in the industry. This selection of ranges provides insight into how real-world ranges influence LCOE. Figure 7 shows a very wide range of LCOE outcomes, extending from $168 to $292/MWh. However, as noted above in the discussion of land-based sensitivities, the high and low LCOE ranges should not be taken as absolute because these variables are not typically independent. For offshore wind projects, cost of energy is most sensitive to capital cost, operating costs, and discount rate, and appears to be least sensitive to operating life and operating costs.
Conclusions
This analysis presents a picture of the levelized cost of land-based and offshore wind energy using real and modeled data that represents 2011 market conditions. Scenario planning and modeling activities often focus on one number (or cost) for land-based LCOE and one for offshore LCOE. In reality, the cost of land-based wind energy varies greatly across the United States and offshore wind LCOE varies significantly across Europe and Asia (Table 14) .
The LCOE analysis presented in this report is only one way to measure the cost of wind energy, and it does not include other costs and issues that influence a given wind project's viability, such as transmission, environmental impacts, and military constraints, or other areas of consideration (e.g., public policy, consumer costs, energy prices, or public acceptance). In addition, these LCOE estimates do not reflect the value of electricity, incentives, or other policy mechanisms (such as production tax credits or investment tax credits) that affect the sales price of electricity produced from wind projects. NREL continues to work to gain a better understanding of costs associated with many components of land-based wind turbines and systems. Continued collaboration with industry could lead to better data, enhanced modeling capabilities, and increased awareness of current and future wind power system component costs. For offshore wind, this analysis provides a best estimate for potential domestic wind power projects.
NREL updates this review of wind energy costs on an annual basis. These updates are intended to help maintain a perspective on costs that is grounded in real-time market changes as well as offer greater insight into the costs and performance of individual components related to the wind generation system. In addition, these reports are intended to provide greater clarity regarding wind energy costs and the effects of changes in specific variables on the levelized cost of energy (LCOE). The data and tools developed will be used to help inform projections, goals, and improvement opportunities. As the industry evolves and matures, NREL will continue to release current representative project data and LCOE estimates for scenario planning, modeling, and goal setting.
Future work entails three primary objectives: 1) continue to enhance data representing marketbased costs, performance, and technology trends to reflect actual wind industry experience, 2) enhance the fidelity of bottom-up cost and performance estimation for individual wind plant components, and 3) understand sensitivities to factors such as regional differences, site characteristics, and technology choices. In 2012 and going forward, NREL will continue to work with industry and national laboratory partners to obtain project-specific data to validate and improve models. NREL's ongoing wind analysis efforts include:
• Creating a model to better represent land-based and offshore non-turbine project costs, such as foundations, electrical cabling, and installation, across a range of turbine and project sizes
• Developing a wind energy systems engineering model to conduct enhanced analysis of new innovation impacts on turbine cost and performance.
• Estimate the effect on LCOE from anticipated improvements to operation and maintenance in both land-based and offshore wind projects
• Determine the magnitude and effect of wake losses
• Quantify the effect of potential technology pathways on system LCOE for land-based and offshore wind technology
• Assess small and midsize wind technology costs.
Appendix A. Present Value of Depreciation Calculations
Land-Based Wind 
